Water-rock interaction of weakly cemented mudstone is intense due to its complex pore structure and mineral compositions. As primary channels for water imbibition, pore structures determine water migration. In this paper, pore properties of weakly cemented mudstone are measured by scanning electron microscopy (SEM), nitrogen adsorption/desorption (NAD), and mercury intrusion porosimetry (MIP), respectively. Water imbibition tests under free and lateral restraints are performed on selfdeveloped water absorption instruments. e results show that skeleton aggregates, pore zone, and fissure zone constitute the basic structure of the rock, together with pore scales in nanoscale, submicron-scale, and micron-scale, respectively. e porosities of each zone are inferred with the values of 13.5%, 7.3%, and 2.3% by comparison of different methods. e main pore type is mesopore. Based on water imbibition tests, water rises along the large fissure and pore zones initially. Pores in the skeleton aggregates absorb water from pore and fissure zones subsequently. However, water imbibition is limited under lateral restraints. Owing to lateral restraints, the ascending height and rate of the sample with lateral restraints are lower than those of the sample with free confinements. e results suggest that lateral restraints can restrain water migration and water-rock interaction for weakly cemented mudstones, and measures can be taken to control swelling deformation by strengthening lateral restraints.
Introduction
Weakly cemented strata formed in the period of Late Cretaceous are prevalent in coalfields in eastern Inner Mongolia, China. According to geological investigation reports of Xiyi Coal Mine in Wujianfang, the strata are characterized by shallow burial, late diagenesis, and clay bearing, which are adverse for coal mining. is sort of rock is susceptible to water, followed by argillization and disintegration after contact with water. e rock structure determines the intension of water imbibition. Variation in water content exerts great influences on the stability of weakly cemented rock mass. Tang studied the relationships between the elastic modulus, uniaxial compressive strength, and water content by considering the water soaking duration, water distribution, and loading-saturation sequence of the black sandstone [1] .
e evaluation of rock mass is critical before engineering constructions. Pore structure and lithology are key factors for identifying mechanical properties. Robertson found that decreasing porosity increases the deformability of clay after submerging in water [2] .
Since the last century, many comprehensive studies have been carried out on the petrophysical characteristics of underground radioactive waste storage and oil/gas reservoirs, which are characterized by low permeability, strong cementation, lower moisture content, and well diagenesis [3] [4] [5] . Zhang et al. and Guo et al. studied the water absorption of weakly cemented sandstone by a self-designed instrument of water imbibition and concluded that water absorption presents exponential relationship over time [6, 7] . Yilmaz, Yilmaz el al., and Cao et al. studied the strength and microstructural properties of cemented tailings backfill [8] [9] [10] . However, properties of weakly cemented mudstone characterized by high porosity, strong water absorption, low strength, and bad slake durability have rarely been studied.
Scanning electron microscopy (SEM) and micro-X-ray computed tomography (μ-CT) are common direct measurement methods of pores at scales of microns and submicrons [11] . Transmission electron microscopy (TEM) is a promising method for studying pore structures of finegrained rocks, which contain smaller pores in nanoscale [12] . Other indirect testing methods such as mercury intrusion porosimetry (MIP), nitrogen adsorption/desorption (NAD), and CO 2 adsorption/desorption (CAD) are also widely adopted together with direct methods. Li et al. carried out tests of MIP, NAD, and nuclear magnetic resonance (NMR) together on marine and continental shale to uncover the pore structures [13] . Due to distinctions in testing principles, the applicable scale of each method is limited. Gaucher et al. summarized the suitable extent of different testing methods: SEM for macropores, NAD for mesopores, CAD for micropores, and MIP for both mesopores and macropores [14] .
SEM is a common method to study rock structure [15] . e principle is that the electron beam deflects and concentrates when passing through the electromagnetic field, bombarding the surface of testing samples subsequently, and then the electronic signal can be received for imaging finally. Mineral particle sizes and contact modes, pore sizes and shape, and pore connectivity can be recognized directly by SEM [16] . However, this method only reflects local features of samples due to limited view under the high magnification. Saraji and Piri acquired the pore size distribution (PSD) by comparing SEM images of different magnifications and classified the pore systems into organic, intraparticle, and interparticle pores [17] .
MIP is based on the fact that mercury cannot infiltrate into pores unless extra pressure is loaded to overcome surface resistivity. Immersion pressure and pore size are in the one-to-one correspondence. PSD can be inferred from the capillary pressure curve. Allen et al. obtained porosity and PSD of sedimentary rock by MIP [18] .
Intraparticle pore, interparticle pore, and corroded pore are formed during the diagenesis, dispersing in the rock randomly [19] . According to the contribution to fluid percolation, the pores are divided into 3 categories, as shown in Table 1 [20] . Pore classifications are listed in Table 2 based on Hodot [21] and IUPAC [22] .
Rock is a porous media material. Moisture migrates along connected pores and fissures under capillary force once exposed to water [23, 24] . Lerouge et al. studied the effect of degrees of hydrophobicity and pore size levels (monoporous and biporous materials) on water absorption for organic materials [25] . Initial water content also influences the intensity of water absorption. e less the water content is, the more the water absorption content will be [26] . Rock structures determine the water migration process. Ghanbari and Dehghanpour found that the fabric of shale influences the behavior of water imbibition [27] . Huang et al. carried out capillary test on vertically aligned carbon nanotube (CNT) arrays to acquire the wetting characteristics in different heights by using a visualization system [28] . Yang et al. quantified the impact of the volumetric response (swelling and shrinkage) of gas shales on the water uptake during imbibition and desiccation processes [29] .
Pore structures of high-rank coal, shale, and sandstone in reservoirs have been studied comprehensively in the existing literature, and relationships between pore structure and water imbibition have been established [30] [31] [32] . However, the bonding force between above structures is relatively strong, and changes of pore structures are not obvious during water imbibition. e weakly cemented silty mudstone, which was formed in the Late Cretaceous, is subject to significant damages during water intrusion for its complicated pore structures.
erefore, it is profoundly significant to study the pore structure of weakly cemented rock and analyze water migration law during water absorption, which is conducive to make the supporting scheme before the engineering.
In this paper, mineral components for the weakly cemented mudstone are firstly analyzed by XRD and pore properties are measured by SEM, NAD, and MIP, respectively. In order to illustrate the water migration process, the water absorption instrument with special functions is developed. is equipment can monitor the water imbibition process in real time, and the water temperature can also be set according to the test requirements. Two test schemes for water absorption, under free and lateral restraints, are carried out. erefore, the influence of the pore structure on water absorption can be analyzed.
Materials and Methods

Materials.
e studied strata, which were formed in the period of Upper Cretaceous, present weak cementation and fragile physical and mechanical properties, characterized by late diagenesis, strong water sensitivity, and shallow burial in the eastern Inner Mongolia, China. When the rock is exposed to water, expansion, argillization, and disintegration occur.
e weakly cemented samples in this paper are drilled from the floor of No. 3-3 coal seam, with a burial depth from 102.57 m to 702.39 m, averaging in 300 m, possessed by Xiyi Coal Mine, Wujianfang, subordinated by China Resources Power Holdings Company Limited. According to X-ray diffraction analysis (see Figure 1) , the lithological floor is silty mudstone. e main components include quartz, feldspar, and clay minerals with contents of 48%, 12%, and 36%, respectively. e amount of secondary minerals, such as calcite and mica, is rare, only taking up 4%. e primary swelling mineral is illite/smectite formation, accounting for 40% of all clay minerals.
Measurement of Pore Structure
SEM.
e distribution of pore structures and minerals has a high anisotropy for weakly cemented mudstones. It is important to determine reasonable magnification times and viewpoints to obtain more microstructures by using SEM.
Firstly, images were magnified to 2000× to determine the initial viewpoint where most structures can be found; secondly, the next interesting viewpoint with more pores is selected at a magnification of 5000×; finally, at higher magnification of 10,000×, pore size, contact modes between grains, and connectivity of pores were observed clearly. Prior to the SEM study, low-power manual cutting machine was used to make a cubic sample of 1 cm × 1 cm × 1 cm and freeze-dried method was adopted to remove pore water, which can avoid damages to the pore structure at most. e study was performed on FEI Quanta TM 250 instrument with a working current at 20 Two sets of samples noted by CR-A and CR-B with a weight of 3.46 g and 2.75 g were prepared, respectively. To obtain the particles required for the NAD test with granularity from 60 to 80 in mesh, samples were broken by a ball mill and separated by a mesh screen, corresponding to equivalent diameter from 180 μm to 250 μm. Moisture and gas have significant effects on NAD methods. Prior to the test, freeze-drying and outgassing under vacuum were carried out to remove water and gas.
MIP.
Mercury, as the nonwetting phase for rock materials, cannot infiltrate into pores without external pressure. Initially, the mercury flows into large pores at lower pressure and subsequently fills small pores under the higher pressure. Washburn found that the applied pressure is inversely proportional to the size of intruded pores according to the capillary pressure curve [33, 34] . Assuming that pores are cylindrical, Washburn equation (1) is derived, which represents the relationship between intrusive pressure and pore sizes as follows:
where P m is the intrusive pressure, Pa; σ is the mercury surface tension, 485.00 N/cm; θ is the contact angle, 140°for mercury; and r is the equivalent pore radius, cm. Advances in Civil Engineeringe MIP test was conducted on the 9505 AutoPore IV Mercury Porosimeter in Beijing, which can identify pore size ranging from 0.003 μm to 1100 μm. Prior to the test, the sample was crushed into a size of ∼1 cm. e sample preparation process was similar to that in Section 2.2.1. e process of dehydration and outgassing was done. e maximum intruded pressure was 200 MPa in the test, indicating that the minimum pore size of 4 nm can be measured.
Water Imbibition Tests
Water Imbibition Instrument.
In order to study the law of water migration, the water imbibition instrument with special functions is designed, which can conduct tests under different water contents, water temperatures, and lateral restraints. e process of water migration is recorded by the digital cameras (see Figure 2 ). e instrument consists of the water sink (13), sample tubes (1), sample platforms (7), weighing system (7, 8, 9, 10, 25) , monitoring system (23), water temperature control system (11, 12, 24) , and leveling system (14, 15) . To monitor the water migration, sample tubes are made of highly transparent plexiglass, whose size can be customized in accordance with the sample size. e tube walls are taken as the role of lateral restraints. e weighing module records the weight in real time. e monitoring system can record the movement of the infiltration level. To prevent disintegrated grains from intruding into the sink, porous stones and filter papers are placed on the bottom of sample tubes from down to up successively.
In this study, the water imbibition content was not measured and immersion depth of samples is constant to 2 mm. A simplified instrument including the digital photogrammetry system, thermostat water bath, sample tubes, and tube platform was made (see Figure 2(b) ).
Sample Preparation.
Pores and fissures are main channels for water imbibition. However, new voids may occur during sampling. To acquire original rock samples, the low-power grinding machine is used, which can avoid damages to the pore structure at most during sample preparation. Water imbibition for sedimentary rock is direction dependent, which is more intense along the strike of the beddings than other directions [35] . e bedding plane of cuboid samples is vertical in the test. According to principles mentioned above, two regularly cuboid samples are prepared from initial rock cores (see Figure 3 ). e surfaces of samples are smoothed with sandpapers carefully. Prior to tests, these samples are wrapped with a preservative film to prevent weathering. It should be noted that the friction between the cell walls and the specimen is negligible because of the cell walls' lower coefficient of friction. e axial swell for the specimen is free with the height increasing during water imbibition. However, the axial expansion is small compared with the sample height due to its weak expansion. Figure 4 . e image of 2000× magnifications verifies that skeleton aggregates, pore zone, and fissure zone constitute the basic structure of the rock. e contact between each zone is uneven. Macropores mainly exist in pore zones where the main pore type is intergranular pores with the diameter ranging from a few hundred nanometers to a few microns.
Test Procedures.
Results
Pore Characteristics
SEM. SEM images of different magnifications are presented in
e maximum width of the pore zone approximates 40 μm. Irregularly flaky illite particles are dispersed in pore zones by means of local filling with a size of 0.15∼0.50 μm, presenting point contacts mainly according to the image of 10,000× magnifications. Multilayer particles of the illite/smectite formation are embedded in pore zones, shaped like honeycomb. e edges of some pores are covered with bright-colored mineral, such as calcite. Skeleton aggregates appear compact relatively. Fissure zones stretch along the contact between skeleton aggregates, and the crack is opened in micrometers. e crack tips and throats are also filled with soluble minerals of calcite.
MIP.
Primary parameters of pores are obtained from the capillary pressure curve as shown in Table 3 . e capillary pressure curve and PSD are presented in Figures 5 and  6 , respectively. e hysteresis is prominent between mercury curves of injection and ejection, indicating that there are large amounts of ink-bottle pores. e PSD is concentrated in ranges from 10 nm to 20 nm. According to the Hodot 
Advances in Civil Engineering
classi cation, the pore type belongs to transition pore (10 nm∼100 nm).
NAD.
e primary parameters are listed in Table 4 . Results of CR-A and CR-B samples are similar, indicating that test results are representative. erefore, only CR-A results are analyzed in detail. Figure 7 shows the S-shaped relationship between the adsorbed/desorbed volume and the relative pressure (P c /P 0 , P 0 refers to saturation pressure.) for the CR-A sample. PSD and speci c surface area (SSA) can be derived by data from isotherm desorption branch by using Barrett-Joyner-Halenda (BJH) model and BrunauerEmmett-Teller (BET) model, respectively [36] . Figure 8 presents the PSD based on BJH. e adsorption/desorption isotherm re ects pore characteristics of rock masses. According to IUPAC [37] , the adsorption/desorption isotherm of the sample approximates the IV type, which means that the weakly cemented mudstone is a typical mesoporous material, showing both hysteresis and single-layer adsorption. e adsorption process is divided into three stages based on (P c /P 0 ): low pressure, middle pressure, and high pressure, respectively.
(1) Low pressure (0.001∼0.05): the binding capacity between solid phases and uid phases is strong on the micropore surface due to the high speci c surface energy. e adsorption occurs even under the low immersion pressure. In this stage, the gas adsorption type is monolayer adsorption, which primarily occurs in micropores, and the adsorption amount increases from 0.00 to 7.06 cc/g. (2) Middle pressure (0.05∼0.50): the adsorption potential energy decreases rapidly once monolayer N 2 covers over the pore surface. e continuous adsorption requires greater relative pressure.
e adsorption amount increases linearly with the increasing relative pressure, but the adsorption rate is small, as shown in . In this stage, it is the multilayer adsorption, which occurs in medium pores mainly, and the adsorption amount increases from 7.06 cc/g to 13.17 cc/g. (3) High pressure (0.50∼0.99): the adsorption amount increases from 13.17 cc/g to 43.00 cc/g at the end. e capillary condensation of N 2 molecules occurs in bigger pores and fractures. e pores are lled up with condensed N 2 molecules until saturation pressure is attained. e adsorption rate increases with the increasing pressure gradually.
According to the IUPAC hysteresis classi cation, the adsorption/desorption isotherm of weakly cemented mudstone approximates to H 3 type. e minimum capillary condensation begins at a relative pressure of 0.5. e pores are shaped in narrow slit, which is caused by lamellar particle accumulations. e variation in pore size leads to the slow drop of desorption curve in the branch due to the nonparallel between the plates.
According to the IUPAC classi cation, the main pore type is medium pore (2 nm-50 nm), and the cumulative pore volume is 5.45 × 10 −2 cc/g, accounting for 85.60% of the total. e volume of bigger pores (>50 nm) is small, and the cumulative volume is 0.92 × 10 −2 cc/g, only accounting for 14.40% of the total.
Moisture Migration Process.
Water rises along connected pores under capillary forces when the sample is exposed to water. Figures 9 and 10 present the water imbibition process and variation of intruded height over time under free and lateral restraints, respectively. Figures 11 and  12 present the water imbibition height and variation rate at any time, respectively. Spontaneous imbibition is conducted to 3# sample under the free restraints. We can see that the intruded line is uneven across the cross section in Figures 9 and 10 , which is related to nonuniform expansion of minerals.
e nonuniformity is caused by the inhomogeneous distribution of swelling clay minerals and pores. In the initial phase, moisture rises faster in laterals than that in the middle. Ten minutes later, the line tends to be uniform. Furthermore, the line turns to be uneven with the duration increasing. Besides, nonuniformity increases with time, followed by transverse cracks developing and openings enlarging. Water intrudes the whole sample 1000 minutes later. e deformation on the left is much larger than that on the right. During water migration, the intruded line experiences uneven, even, and uneven.
e water imbibition test under lateral restraints is performed on 1# sample. e water migration obviously di ers from 3# sample (see Figure 9 ). e intruded line is uniform across the cross section initially. Nine minutes later, the intrusion line tends to be uneven with the left rising up faster than the right. Subsequently, the rising rate of the right gradually increases and gets the same height as the left at 170 minutes. e rising height and rate in the middle are less than those in the laterals.
e intruded line tends to be constant at 1 360 minutes ultimately. e water is unable to intrude the whole height, indicating that the moving distance is limited under lateral restraints.
In the initial phase, the variation rate of intruded height is high for both samples and decreases over time (see Figure 12) . However, the rising height and variation rate of 1# sample are lower than that of 3# due to lateral restraints. 
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Discussion
When the weakly cemented silty mudstone is exposed to water, argillization and disintegration occur, leading to the loss of bearing capacity. So, water absorption has significant effects on the stability of surrounding rocks. e diffused distance and rate of water are determined by pore structures. Studying pore structures of weakly cemented mudstones is beneficial for understanding the water migration process. Table 5 , which are measured by SEM, NAD, and MIP, respectively. Compared with shale, coarse sandstone, limestone, and rhyolites, the weakly cemented silty mudstone contains macropores, mesopores, and micropores [38, 39] . e dispersion of each method is inevitable due to their distinct testing mechanisms [40, 41] . Large pores mainly concentrate in pore and fissure zones with the size of micronscale (see Figure 13 ). Skeleton aggregates appear to be compact. Pore scales of each zone are listed in Table 6 . Figure 14 presents the mesostructure, including skeleton aggregates, pore, and fissure zones. Prior to porosity measurement, samples need to be broken into small fragments, 180∼250 μm in diameter for NAD, which approximates the size of the skeleton aggregates. It can be inferred that the PSD measured by NAD is mainly contributed by skeleton aggregates. e scale for MIP is larger than that for NAD, which includes skeleton aggregates and part pore zones, leading to larger porosity and pore sizes. e data measured by NAD and MIP are the porosity of connected pores. e total porosity is estimated as 23.1% by the density method (DM), which is larger than values of both MIP and NAD. Porosities of skeleton aggregates, pore, and ssure zones can be inferred approximately with the values of 13.5%, 7.3%, and 2.3%, respectively. DM is an approximate porosity calculated by the equation
Analysis of Pore Structures. Primary parameters of pores are listed in
where n is the total porosity; ρ d is the dry density, 1.97 g/cm 3 ; G s is the speci c gravity of granular mineral, 2.56; and ρ w is the water density, 1.00 g/cm 3 .
Analysis on Water Migration.
Water migration occurs when porous rocks are intruded by water. Mineral components and pore structure determine the moisture migration process. Meng et al. found that micron ssures extend at tips and openings increase simultaneously based on water absorption test on shale [42] . Distinguishing from adsorption process, intrusion occurs in larger pores rst, and water intrudes into medium pores subsequently. Weakly cemented silty mudstone contains swelling clay minerals and larger porosity. e sample dilates when exposed to water, followed by swelling stress accumulation under lateral restraints. According to the diagram of water imbibition Advances in Civil Engineeringover time, the water migration of weakly cemented silty mudstone is divided into three phases. Firstly, water rises along fissure and pore zones under the capillary pressure. Intruded water will compress gas in voids, leading to the pore pressure increasing. On the one hand, the increased pore pressure acting on structures yields the tension at fissure tips, enlarging the opening and length of fissures; on the other hand, new micron fissures occur along the weakly connected band of large pores [43] . In turn, increased cracks promote the water movement. Water migration ends till the capillary force and the flow resistance are in balance. At last, fissure and pore zones are saturated with water. Secondly, clay and soluble minerals at edges of pore and fissure zones will dissolve after saturated with water, weakening the cementation between different structures. Illite and illite/smectite formation expand when exposed to water, forming new cracks along weak joints under the expansion force [44] .
e added space provides new channels for water migration. Finally, nanoscale pores, which have a large specific surface energy and strong matrix suction in skeleton aggregates, can adsorb water from pore and fissure zones and achieve saturation gradually. Capillary resistance can prevent fluid from diffusing in pores less than 10 nm [45] .
e surface of the swelling clay crystal which presents a negative charge adsorbs polarity water molecule under the electrostatic force. ickness of the crystal layer can increase from 29Å to 33Å, increasing the pore volume by 14% [46] . Weakly cemented mudstones contain swelling clay minerals of more than 15%, and the high special surface energy leads to the strong binding capacity with moisture, forming hydration film coating particles and increasing the intercrystalline space. Pores will be compressed when lateral restraints are imposed, limiting water absorption and diffusion, corresponding to the 1# sample (see Figure 9) [47].
Disintegration Characteristics.
Weakly cemented silty mudstone disintegrates into small fragments, showing relative integrity when soaked in water (see Figure 15) . However, the strength of fragments is too low. It is easy to split along the pore or fissure zone owing to the initial weak bonding. Skeleton aggregates, which seem to be compact with the pore size in nanoscale, absorb water from pore and fissure zones, containing clay-gel and solute carbonate as a role of cement [48, 49] . Meanwhile, water existing in nanoscale pores cannot move or transfer hydrostatic pressure, which is distinct from free water. Interactions between water molecules and pore walls are strong for pores in nanoscale, yielding suction to maintain the integrity even under the saturation state.
Conclusions
Weakly cemented silty mudstone was characterized by weak cementation, high porosity, high water content, and swelling clay bearing. In this paper, pore properties of weakly cemented silty mudstone are measured by SEM, NAD, and MIP, respectively. In order to study the water migration process, a water absorption instrument is designed with special functions. rough water imbibition tests, the influence of pore structures on water migration is analyzed, and the main conclusions are summarized below:
(1) Weakly cemented silty mudstone contains three types of structures, including the fissure zone, pore zone, and skeleton aggregates. Cementation between structures is weak. Macropores present in fissure and pore zones, and mesopores and micropores present in skeleton aggregation zones. e porosities of each zone are inferred with the values of 13.5%, 7.3%, and 2.3% by comparison of different methods. (2) ree types of rock structures correspond to distinct channels of water absorption. Firstly, water migrates along large fissure and pore zones. Nanoscale pores in skeleton aggregates absorb water from pore and fissure zones gradually. e intruded line is uneven across the cross section due to anisotropy of pore structures. Channels of water migration extend and porosity increases resulting from the dilatation of clay minerals and gas compression. (3) Lateral restraints have an important effect on water migration. Exerting lateral restraints can limit the water imbibition. Water imbibition ends when capillary pressure is in balance with flow resistance or pores are saturated with water. Voids are compressed when lateral restraints are imposed, limiting water imbibition and migration. Weakly cemented silty mudstone disintegrates into small fragments, showing relative integrity when soaked in water.
is study had uncovered water imbibition mechanism for weakly cemented mudstone. However, water absorption will lead to changes of the pore structure, which changes the physical and mechanical properties of rocks. erefore, it is of great significance to study the pore structure and effects on physical and mechanical properties after water imbibition.
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